Endotoxemia can be caused by obesity, environmental chemical exposure, abiotic stressors, and bacterial infection. Circumstances that deleteriously impact intestinal barrier integrity can induce endotoxemia and controlled experiments have identified negative impacts of lipopolysaccharide (LPS; an endotoxin mimetic) on folliculogenesis, puberty onset, estrus behavior, ovulation, meiotic competence, luteal function and ovarian steroidogenesis. In addition, neonatal LPS exposures have transgenerational female reproductive impacts, raising concern about early life contacts to this endogenous reproductive toxicant. Aims of this review are to identify physiological stressors causing endotoxemia, to highlight potential mechanism(s) by which LPS compromises female reproduction, and identify knowledge gaps regarding how acute and/or metabolic endotoxemia influence(s) female reproduction. Disciplines Agriculture | Abstract 13 Endotoxemia can be caused by obesity, environmental chemical exposure, abiotic stressors, 14 and bacterial infection. Circumstances that deleteriously impact intestinal barrier integrity 15 can induce endotoxemia and controlled experiments have identified negative impacts of 16 lipopolysaccharide (LPS; an endotoxin mimetic) on folliculogenesis, puberty onset, estrus 17 behavior, ovulation, meiotic competence, luteal function and ovarian steroidogenesis. In 18 addition, neonatal LPS exposures have transgenerational female reproductive impacts, 19
metabolic endotoxemia, has been associated with many pathologies such as inflammatory pathway activation. TIRAP and MyD88 mediate MyD88-dependent signaling whereas TRIF 141 and TRAM mediate MyD88-independent signaling. Both pathways involve phosphorylation 142 of the REL-associated protein (RELA) subunit of nuclear factor kappa B (NFκB) although 143 the MyD88-dependent pathway activates pro-inflammatory cytokine genes while the 144 MyD88-independent signaling activates Type I interferon genes (Kawai, et al. 1999 , 145 Shimazu, et al. 1999 . Phosphorylated RELA increases concomitant with increased LPS 146 exposure demonstrating the ability of LPS to drive TLR4-mediated NFKB activation (Chow, 147 et al. 1999) . Interestingly, single nucleotide polymorphisms (SNPs) in the TLR4 gene affects 148 immune function and reproductive ability in dairy cows (Shimizu, et al. 2017) , though the 149 importance of Tlr4 SNPs in humans remains vague (Gowin, et al. 2017 , Hajjar, et al. 2017 ) 150 and is an area of future interest regarding the biological response(s) to endotoxemia. Acyloxyacyl hydrolase (AOAH) is a lipase that deacylates and detoxifies LPS within cells 154 and (Hall and Munford 1983) . AOAH releases secondary acyl chains from LPS regardless of 155 the acyl chain structure or location on the diglucosamine backbone of LPS (Erwin and 156 Munford 1990). AOAH is primarily produced in macrophages, neutrophils, and dendritic and Munford 1995a, b), however, binding of dLPS does not stimulate a cellular response 164 (Kitchens, et al. 1992) . Interestingly, LBP alone or in coordination with CD14 increases the 165 susceptibility of LPS to AOAH detoxification (Gioannini, et al. 2007) . Aoah-deficient mice 166 have increased pulmonary damage in response to intranasal LPS exposure corroborating 167 AOAH's protective role against LPS (Zou, et al. 2017 (Gioannini, et al. 2007 ). However, when LPS is transferred and bound to MD-2, the fatty 176 acyl chains are less accessible, decreasing AOAH's ability to deacylate LPS and reduce TLR4 177 activation (Gioannini, et al. 2007) . Whether the female reproductive tract has the capacity Fernandez, et al. 2014), obesity (Cani, et al. 2007) , and bacterial infection. Uterine 187 infections have been associated with various negative impacts on bovine fertility, including 188 cystic ovaries (Bosu and Peter 1987 , Peter, et al. 1989a , Peter, et al. 1989b , abnormal or 189 delayed folliculogenesis after parturition (Huszenicza and Kegl 1999), a longer postpartum 190 anestrus period (Bosu and Peter 1987) , and a lengthened luteal phase (Peter and Bosu 191 1988) . Interestingly, follicular fluid that surrounds and nourishes the maturing oocyte 192 contains LPS levels reflective of the systemic circulation (Herath, et al. 2007 ). An 193 accumulation of IL-6 and IL-8 in media collected after bovine granulosa cell or ovarian 194 cortical strip culture was observed following LPS incubation, similar to the responsiveness 195 of human immune cells (Bromfield and Sheldon 2013, Dentener, et al. 1993) . Plasma LBP 196 and follicular fluid IL-6 concentrations were also positively correlated, suggesting that 197 systemic endotoxemia is associated with ovarian inflammation (Tremellen, et al. 2015) .
198
Thus, LPS can locate the ovary and potentially interact directly with the oocyte, though 199 remains to be determined. 
Impacts of endotoxemia on folliculogenesis 202
Bovine ovarian cortical explants exposed to LPS had reduced number of primordial follicles 203 due to hyperactivation (Bromfield and Sheldon 2013) . Similarly, mice exposed to LPS in 204 vivo had reduced primordial follicle number which was described as TLR4-mediated, since (Bromfield and Sheldon, 2013) . The aforementioned indicate premature primordial follicle 211 activation, potentially leading to depletion of the ovarian follicular reserve. In rodent 212 studies, altered protein abundance due to LPS exposure in neonatal rodents has been 213 observed (Sominsky, et al. 2013 ). Furthermore, a diminished follicular reserve and earlier 214 onset of ovarian senescence occurs in female rats neonatally exposed to LPS, raising 215 concern about reproductive outcomes of bacterial infections early in life (Sominsky, et al. Immune challenges can disrupt the follicular phase in multiple species (Battaglia, et al. 220 2000 , Kalra, et al. 1990 , Peter, et al. 1990 ). LPS suppresses the hypothalamic-pituitary 221 gonadal axis by decreasing pulsatile gonadotrophin-releasing hormone (GnRH) secretion 222 (Hoshino, et al. 1999) . LPS also blunts the 17β-estradiol (E2) increase during the 223 preovulatory phase, thus delaying subsequent luteinizing hormone (LH) and follicle 224 stimulating hormone (FSH) surges, culminating in delayed or inhibited ovulation (Battaglia, 225 et al. 2000 , Peter, et al. 1989a , Peter, et al. 1990 , Suzuki, et al. 2001 ). Using gonadectomized 226 animals, it has been demonstrated that LPS suppresses GnRH release, thus disrupting the 227 LH surge amplitude, frequency, and concentration (Coleman, et al. 1993 , Ebisui, et al. 1992 , 228 Feng, et al. 1991 , Kujjo, et al. 1995 . In agreement with reduced E2 compromising ovulation, 241 Granulosa cells exposed to high levels of LPS had reduced mRNA expression of LHr, FSHr, 242 and cytochrome P450 (CYP) 19A1 (CYP19A1) (Magata, et al. 2014a ). Theca cells isolated 243 from follicles exposed to high levels of LPS also had decreased mRNA abundance of LHr, 244 CYP17, and CYP11A1 but no difference in steroidogenic acute regulatory proteins (StAR) or 245 3β-hydroxysteroid dehydrogenase (3β-HSD) levels compared to theca cells from follicles 246 exposed to low levels of LPS (Magata, et al. 2014b ). LPS exposure did not impact cell 247 number or androstenedione production from cultured theca cells from either small, 248 medium or large ovarian follicles, but it did reduce E2 production from cultured granulosa 249 cells isolated from all three follicular sizes (Williams, et al. 2008 ). In addition, bovine 250 follicles with high levels of LPS (> 0.5 EU/ml) had lower E2 but elevated progesterone (P4) 251 levels, relative to follicles with lower LPS concentrations (Magata, et al. 2014a) . In an in 252 vitro system where bovine granulosa cells were cultured with LPS and provided with FSH 253 and androstenedione, E2 and P4 conversion were reduced potentially due to decreased 254 expression of Cyp19a mRNA and protein (Herath, et al. 2007) . During the in vivo LH surge, a threshold of E2 is needed to induce behavioral display of estrus, however the amount of 256 E2 actually required for the behavioral estrus is thought to be at lower level than that 257 required to induce ovulation (Saifullizam, et al. 2010 ) and LPS negatively impacts female 258 estrus behavior and frequency (Battaglia, et al. 2000) . formation and sufficient P4 production (Lavon, et al. 2011 , Suzuki, et al. 2001 , thus LPS has numerous targets within the luteal phase. Additionally, CL size is reduced by LPS perhaps 279 due to activation of pro-apoptotic pathways (Herzog, et al. 2012) . The cannabinoid 280 receptor type 1 (eCS) has recently been discovered to be involved in LPS-induced CL 281 regression in mice as wild-type mice had increased uterine prostaglandin-endoperoxide 282 synthase (PTGS2) and PGF2α expression, which resulted in reduced ovarian P4 receptor 283 abundance and regression of the CL, and these observations were absent in eCS deficient 284 mice (Schander, et al. 2016) .
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Administrating LPS to goats during their luteal phase did not affect steroid hormone 287 concentrations but did increase PGF2α metabolites (Fredriksson G 1985) , and repeated 288 uterine LPS infusions in dairy cows every 6 h from 12 h prior to ovulation until 9 d post-289 ovulation resulted in CL regression much sooner than controls (Luttgenau, et al. 2016) . Of additional interest and concern is that LPS causes hyperinsulinemia; either directly as an 363 insulin secretagogue or indirectly by increasing glucose stimulated insulin secretion 364 (Baumgard et al, 2016) . Reasons why a catabolic signal like LPS increases an acutely 365 anabolic hormone like insulin are not clear but reports suggest that insulin has potent anti-366 inflammatory effects (Chalmeh et al., 2013) and that immune cells are insulin sensitive 367 (Maratou et al., 2007) . Whether the ovary responds to hyperinsulinemia is unclear 368 (Akamine, et al. 2010 , Brothers, et al. 2010 , Nteeba, et al. 2013 , Wu, et al. 2012 , however, elevated insulin levels have been reported in both serum and follicular fluids of obese 370 females (Robker, et al. 2009 , Valckx, et al. 2012 . Primordial follicle hyperactivation 371 (similar to that caused by LPS exposure) has been documented in neonatal rat ovaries due 372 to insulin administration (Kezele, et al. 2002) . The negative effects of hyperinsulinemia and 373 insulin resistance on female reproduction have been well-documented, largely as 374 pertaining to obesity and polycystic ovary syndrome (Goodarzi, et al. 2011 , Ogden 2016 Table 1 , which may not accurately represent the temporal pattern of bacterial infection, or 390 "leaky gut", thus more continuous chronic low-level LPS experiments are warranted in 391 order to identify mitigation strategies to protect and/or improve mammalian female reproductive function. In vitro experiments also are largely reflective of acute exposures 393 since these levels are likely to be much higher than those that occur in vivo or those LPS 394 concentrations that reach the follicular fluid and/or the oocyte. Additionally, endotoxemia 395 that results from compromised intestinal integrity is accompanied by systemic exposure to 396 additional intestinal components, many of which have not been characterized and 397 identified and which may also be dynamic in response to the initiating stressor. Thus 398 greater understanding of resident microbial populations and shifts to these populations 399 will ultimately improve our understanding of the gut-hypothalamic-pituitary-ovarian-400 uterine axis.
402
Numerous questions remain to be clarified in our understanding of the impacts of 403 endotoxemia on female fertility include but are certainly not limited to: 1) the level and/or 404 duration required to impact fertility; the initiating insult to the reproductive tract, 2) the 405 immune response within the reproductive tract that responds to endotoxemia, 3) the 406 potential for tolerance to elevated LPS to develop, 4) the actual impact of LPS on the quality 407 of the germ line, 5) potential effects on offspring (trans-and multi-generational) exposed 408 to endotoxemia in utero, 6) the contribution or lack thereof of LBP on data derived from in 409 vitro experiments. In addition, it is difficult to surmise the duration of metabolic 410 endotoxemia which is likely to vary dependent on the physiological situation, but which 411 ultimately has potential to impact physiological outcomes. Each of these areas are worthy 412 of investigation with relevance to many facets of public health and production animal Abbreviations: iv = intravenous; im = intramuscular; E2 = 17β-estradiol; P4 = progesterone; LH = luteinizing hormone; FSH = follicle stimulating hormone; PGF2α = prostaglandin F2α; LPS = lipopolysaccharide; PGE = prostaglandin E
